Hepatitis C virus (HCV) belongs to the genus Hepacivirus of the family Flaviviridae. Worldwide, an estimated 170 million people are infected with HCV, and it is the most common reason for liver transplantation (1). The most likely outcome of infection is chronicity, which is thought to be attributable to the ability of the virus to rapidly mutate and outpace the host immune response. HCV exists as six different genotypes and more than 30 subtypes and is highly heterogeneous between and within isolates, thus hampering studies on sequence-function relationships.
Hepatitis C virus (HCV) belongs to the genus Hepacivirus of the family Flaviviridae. Worldwide, an estimated 170 million people are infected with HCV, and it is the most common reason for liver transplantation (1) . The most likely outcome of infection is chronicity, which is thought to be attributable to the ability of the virus to rapidly mutate and outpace the host immune response. HCV exists as six different genotypes and more than 30 subtypes and is highly heterogeneous between and within isolates, thus hampering studies on sequence-function relationships.
The outcome of infection with HCV is thought to be determined by the initial character and vigor of the host immune response to the infection, which in turn may be determined by factors such as viral species, viral load, and route of entry. HCV clearance in humans is associated with an early, strong cellular immune response against multiple viral epitopes, and in particular against NS3 (6, 7, 27) . After clearance, both CD4 ϩ and CD8 ϩ responses are maintained (26) . Loss of a CD4 ϩ response can result in recurrence of HCV infection (10) . A nonsustained and/or dysfunctional HCV-specific CD8 ϩ response has been implicated in HCV persistence (11, 19) .
Because the majority of patients do not present with acute HCV infection, the early cytotoxic-T-lymphocyte (CTL) response in humans has been difficult to characterize fully. At present, the only animal model for HCV is the chimpanzee, although it has been possible to infect mice harboring chimeric mouse-human livers (23) . In chimpanzees, viral clearance has been observed in Ͼ60% of infections (2) . Like humans, clearance was not associated with a humoral response against the envelope proteins. Other studies have shown clearance in chimpanzees to be associated with a relatively high number of intrahepatic CTL specificities occurring synchronously and early in infection (5) . The failure to clear HCV infection may be determined in part through the acquisition of mutations in epitopes recognized by CTLs (8) . Such mutations may appear early in infection and persist for years in the viral population.
In order to fully characterize the host response to HCV infection and relate it to the sequence of the viral population, several studies have developed full-length HCV clones, mostly of genotypes 1a and 1b, whose RNA transcripts have demonstrated infectivity after intrahepatic inoculation into chimpanzees (3, 15, 16, 18, 22, (28) (29) (30) (31) . Such studies have been useful for examining the long-term immune response of the host from the initial point of infection and for examining the molecular evolution of HCV preparations with a known genomic sequence. However, despite these studies, the precise mechanisms of HCV persistence and clearance in the chimpanzee model are still unknown. We previously reported the construction of an infectious HCV genotype 1b clone and showed that it caused persistent infection in two chimpanzees (X0142 and X0234) (28) . In this report, we show that the same cloned source of HCV was cleared to undetectable levels in two other chimpanzees (X0132 and X0190). Regardless of the outcome of infection, only a weak and transient T helper response was detected. In addition, there was no apparent correlation between the frequency of circulating gamma interferon (IFN-␥)-producing CD4 ϩ or CD8 ϩ T cells or intrahepatic IFN-␣ and IFN-␥ production and viral clearance. Thus, it is possible that mechanisms other than the induction of T cells may contribute to HCV clearance, at least in the chimpanzee model.
MATERIALS AND METHODS
Full-length HCV plasmid constructs. The construction of HCV-CG1b was described previously (28) . This construct contains the HCV J strain structural region in a BK strain backbone (Fig. 1) . HCV-J4CG1 was generated by inserting the J strain structural region between the NruI (nucleotide position 271) and the RsrII (position 3030) sites into the J4 strain backbone (31) . HCV-J4CG2 was generated by inserting the J strain structural region between ClaI (position 709) and BssHI (position 2826) into the J4 backbone. HCV-p90/H8 is a derivative of an H77 infectious clone (16) containing the H79 hypervariable region (9) .
Virus preparation. HCV was generated from HCV-CG1b by intrahepatic inoculation of chimpanzees with ϳ0.5-mg RNA transcripts as described previously (28) . Sera were collected at weekly intervals and HCV RNA titers determined by the TaqMan assay (see below). Virus from chimpanzee X0142 at week 2 postinoculation was inoculated into chimpanzees X0234 and X0132. The HCV RNA in this inoculum did not contain any nucleotide differences with respect to the original HCV-CG1b clone (28) . To produce a large preparation of virus, chimpanzee X0234 was plasmapheresed at weeks 5 and 7. The titer of HCV RNA in the pooled plasma was 5 ϫ 10 4 genomes/ml as determined by the TaqMan assay. Sequence analysis of this HCV RNA revealed a single mutation compared with HCV-CG1b in the NS5B gene (A7840G), which caused a lysineto-arginine substitution at position 2500 of the polyprotein. This plasma pool was the source of the inoculum for chimpanzee X0190.
Chimpanzees. Chimpanzees were maintained at the Southwest Foundation for Biomedical Research, an Association for Assessment and Accreditation of Laboratory Animal and Care-accredited facility, and the study protocol was approved by the Institutional Animal Care and Use Committee at the Foundation and by the Interagency Animal Model Committee at the National Institutes of Health.
After intrahepatic or intravenous inoculation with HCV RNA or HCV, respectively, weekly serum samples from chimpanzees were monitored for alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels by standard assays. HCV RNA was detected by reverse transcription-PCR (RT-PCR; Cobas Amplicor; Roche Molecular Systems, Pleasanton, Calif.) and with anti-HCV antibodies by enzyme immunoassay (EIA 2.0; Abbott Laboratories, Abbott Park, Ill.).
Quantitation of HCV RNA. HCV RNA was extracted from 100-l samples of serum by using Trizol (Invitrogen, Carlsbad, Calif.). Quantitative RT-PCR was performed by TaqMan assay (Applied Biosystems, Foster City, Calif.) as described previously (28) .
T-cell proliferation assay. T-cell proliferation was assayed as described previously (26) . Peripheral blood mononuclear cells (PBMC) were stimulated with HCV genotype 1b proteins (1 g/ml): core, helicase, NS3, NS4, NS5A, and NS5B (Mikrogen, Munich, Germany). As controls, separate cultures stimulated with phytohemagglutinin (1 g/ml; Murex Biotech Ltd., Dartford, England) or medium alone were labeled with [ 3 H]thymidine. The stimulation index (SI) was calculated as the ratio of the mean counts per minute incorporated into the cellular DNA of four replicate cultures in the presence of antigen over that found in the presence of control buffer. An SI of Ͼ4.0 was considered positive.
IFN-␥ ELISpot assays. Ninety-six-well plates (Millititer; Millipore/ELISpot, Bedford, Mass.) were coated overnight at 4°C with the primary antibody against human IFN-␥ (Endogen, Woburn, Mass.), washed four times with sterile phosphate-buffered saline, and blocked for 1 h at 25°C with RPMI medium and 1% bovine serum albumin (Sigma). Cryopreserved PBMC were thawed and cultured at 140,000 cells/well (the optimal cell concentration as determined by limiting dilution for this assay) in RPMI 1640, 5% fetal bovine serum, and 2 mM Lglutamine with individual HCV proteins (1 g/ml) or peptides at 10 g/ml (Table  1) (17, 25) . After 30 h, the plates were washed seven times and incubated overnight with 100 l of biotin-conjugated secondary antibody against IFN-␥ (Endogen). After being washed four times and incubated 2 h with streptavidinalkaline phosphatase (1:2,000 dilution; Dako, Carpinteria, Calif.), the plates were washed again four times with phosphate-buffered saline and developed with freshly prepared NBT/BCIP solution (nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate; Bio-Rad, Richmond, Calif.). The reaction was stopped by rinsing the contents with distilled water, and the spots were counted by using an KS ELISpot-Axioplan 2I (Zeiss, Thornwood, N.Y.).
Quantification of cytokine mRNA. RNA was extracted from liver biopsies with Trizol reagent (Invitrogen) and Dounce homogenization. Relative mRNA levels for IFN-␥ and interleukin-4 (IL-4) in chimpanzee liver biopsies were determined by using predeveloped TaqMan assay reagent kits for human targets (Applied Biosystems). A specific primer-probe set was designed for measurement of relative mRNA levels of IFN-␣. A primer-probe set for the human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) endogenous control was also obtained from Applied Biosystems and used according to the manufacturer's instructions. Reverse transcription of RNA (1 g) isolated from chimpanzee liver biopsies was carried out by using the first-strand cDNA synthesis kit (Pharmacia) according to the manufacturer's instructions, with 10 pg of random hexamers in a 15-l reaction. One or three microliters was used to test for IFN-␥, IL-4, and GAPDH in separate tubes. Relative mRNA quantification was calculated by the comparative cycle threshold (C T ) method by using the arithmetic formula 2 Ϫ⌬⌬C T . This value calculates the amount of target normalized to an endogenous reference (GAPDH) and relative to a calibrator (a liver biopsy taken prior to challenge) as described in the PE Applied Biosystems User Bulletin #2. Briefly, ⌬C T ϭ the difference between threshold cycles for target (cytokine) mRNA and endogenous reference (GAPDH) mRNA. ⌬⌬C T is the difference between the ⌬C T of the target mRNA postchallenge and the ⌬C T of the target mRNA prechallenge.
RESULTS
Construction of chimeric HCV 1b cDNA clones. We previously reported the construction of an infectious HCV 1b clone, pHCV-CG1b (28) . This clone consists of a nonstructural backbone derived from BK strain cDNA and structural genes derived from J strain cDNA. We were interested in determining whether an alternate nonstructural backbone would make a difference to the infectivity or virulence of RNA transcripts generated from pHCV-CG1b. To this end, we generated two additional HCV-1b clones-pHCV-J4CG1 and pHCV-J4CG2-containing the J strain structural genes and the infectious J4 strain clone as backbone ( Fig. 1) (31) . These two clones differ only by the sequences flanking the J strain structural region. Thus, in pHCV-J4CG1 the J strain region includes some sequences from the 5Ј-untranslated region and the NS2 gene, whereas in pHCV-J4CG2 there are no J strain sequences outside the structural genes. The reason for generating the latter clone was to investigate the importance of the few nucleotide differences between the J strain and J4 strain in the sequences flanking the structural region. Of particular interest were nucleotides 340 and 350, which differ between the J strain and other published infectious clones (28) . These nucleotides reside either side of the initiation codon and within stem-loop IV of the HCV internal ribosome entry site (14) .
Inoculation and infection course of chimpanzee X0132. Chimpanzee X0132 was inoculated with RNA transcripts from four different full-length constructs and monitored for signs of HCV infection ( Fig. 2A) . Initially, RNA was transcribed from HCV-CG1b and inoculated intrahepatically into this chimpanzee. HCV RNA was detected by RT-PCR in serum drawn at week 4, but sera from all other time points were negative by this assay. There was no evidence of hepatitis or anti-HCV antibody response. X0132 was then inoculated with RNA transcripts from the HCV-J4CG1 construct. One positive PCR result was observed 5 weeks postinoculation, but all other samples were negative. HCV RNA was subsequently transcribed from a third construct, pHCV-J4CG2. No HCV RNA was detected after inoculation of this third genotype 1b chimeric clone. To address the possibility that a different HCV genotype would behave differently in chimpanzee X0132, we performed a further inoculation with an infectious clone of genotype 1a, HCV-p90/H8, derived from the original H77 infectious clone (16) . After this inoculation, serum samples taken at 5, 6, and 7 weeks postinoculation were positive for HCV RNA by PCR. This viremia was transient, disappearing by week 8. The quantity of HCV RNA in all of the samples that were positive by PCR during the period of the four RNA inoculations was less than 5 ϫ 10 2 genomes/ml (the limit of detection by TaqMan PCR). Partial sequencing analyses demonstrated that this transient HCV RNA in the serum after the first, second, and fourth inoculations was indeed derived from each of the respective inoculating RNAs. There was no evidence of serum ALT elevation or HCV-specific antibodies in chimpanzee X0132 at any time during the course of these inoculations. In addition, no histological changes were observed in liver biopsies obtained 6, 11, and 15 weeks after the fourth inoculation.
The failure to achieve robust infection of X0132 by intrahepatic transfection of transcribed RNA may have been caused by some unique feature of this animal that enabled it to rapidly clear infection by HCV. To test this hypothesis we inoculated X0132 with HCV from X0142 serum taken at week 2. Initially, we used 10 2 genomes, which had been shown to cause infection in another chimpanzee X0234 (28) . After this inoculation, there was no evidence of HCV infection by PCR. We then inoculated with 10 3 genomes and the chimpanzee became positive for HCV RNA after 1 week, with titers rising to the order of 10 4 to 10 5 genomes/ml ( Fig. 2A) . From weeks 90 to 94 (weeks 3 to 7 postinoculation), ALT levels were elevated. Anti-HCV antibodies were detected in serum from week 93. This antibody response was weak, with titers of less than 1:100 as b Refers to the location in the HCV-CG1b polyprotein (28) . c Based on sequence comparison between published Patr and HLA alleles and/or direct Patr restriction testing (25) .
assessed by endpoint dilution assays performed at various time points after seroconversion (HCV-infected humans have anti-HCV titers typically greater than 1:1,000).
We studied the immune response of X0132 to the different HCV inocula further by performing T-cell proliferation and ELISpot assays at various time points postinoculation. After inoculation with RNA transcripts from the four different HCV clones, the T helper proliferation assay was weakly positive at a number of time points (Fig. 2B) . After the first inoculation with RNA from HCV-CG1b, the T helper proliferation assay was positive at week 3 postinoculation for NS4 (SI ϭ 5.9) and at week 4 postinoculation for NS3 (SI ϭ 6.7), NS4 (SI ϭ 4.5), and NS5A (SI ϭ 10.6). After inoculation with HCV-J4CG1 and concurrent with the positive PCR result for serum HCV RNA, there was a mild increase in the stimulation indices for core (SI ϭ 5.0), helicase (SI ϭ4.6), and NS4 (SI ϭ 6.5). After the third inoculation with RNA transcripts from HCV-J4CG2, the T helper proliferation assays were negative for all antigens tested. After the fourth inoculation with RNA transcripts from an HCV genotype 1a clone, T helper proliferation assays were (SI at week 39, helicase ϭ 7.0; SI at week 49, NS3 ϭ 9.6, NS4 ϭ 5.4, NS5A ϭ 9.1, and NS5B ϭ 7.9). Analysis of culture medium in these positive proliferation assays showed production of IFN-␥ but not IL-4 (data not shown). After challenge of X0132 with HCV-CG1b virus derived from chimpanzee X0142, a weak and transient T helper response was again observed (Fig. 2B) . At week 90 (week 3 postchallenge), a T-cell proliferation assay was positive for NS5A (SI ϭ 5.5) and at week 104, this assay was positive for helicase (SI ϭ 6.2) and NS5B (SI ϭ 11.1). Again, IFN-␥, but not IL-4, was detected in these assays. ELISpot assays were performed at various time points with HCV antigens for stimulation (Fig. 2C) or CTL epitopes reported for the Patr haplotypes of this chimpanzee (Table 1 and Fig. 2D) (17, 25) . The frequency of IFN-␥-producing cells was not increased in any of the samples tested after the four inoculations with HCV RNA. However, after challenge of X0132 with HCV-CG1b virus there was an increase in IFN-␥ spots at weeks 93, 97, 99, and 101 (weeks 6, 10, 12, and 14 postchallenge) with various HCV antigens used for stimulation ( Fig.   2C ) and at weeks 93, 97, and 99 with a panel of eight peptides that map to known CTL epitopes (Table 1 and Fig. 2D ). These time points correspond to the final weeks of detectable viremia and the first weeks after viral clearance.
Inoculation of and infection course of chimpanzee X190. Chimpanzee X0190 was inoculated intravenously with week 5 serum HCV derived from chimpanzee X0234 (titer ϭ 5 ϫ 10 4 genomes/ml as determined by the TaqMan assay). Sequence analysis of this inoculum showed it to be identical to HCVCG1b except for a single nucleotide change in NS5B that caused a conserved single amino acid change (K2500R). Initially, X0190 was inoculated with a 1 in 10,000 dilution of the serum. This did not cause a viremia detectable by RT-PCR (sensitivity, 10 2 genomes) within 5 weeks of inoculation, so we subsequently inoculated the animals at a 1-in-1,000 dilution, equivalent to ca. 50 HCV genomes. The outcome of this inoculation is shown in Fig. 3A .
HCV RNA was detected in serum from 1 week after inoculation, rising to a maximum titer of 3 ϫ 10 4 genomes/ml as determined by TaqMan assay. The viremia lasted until week 13, when it became undetectable by RT-PCR or TaqMan as- say. HCV RNA was not detected in the 12-month period after clearance. An anti-HCV antibody response was not detected at any time during follow-up, and ALT levels remained within normal limits. Liver biopsy during the viremia revealed evidence of mild hepatitis at week 7 postinoculation. Other biopsies obtained at weeks 4, 10, and 13 showed normal histology.
T helper proliferation assays (Fig. 3B) showed a weak and transient response against some HCV antigens at weeks 4, 12, and 16 postinoculation (SI values at week 4, NS3 ϭ 5.4; at week 12, helicase ϭ 6.8 and NS4 ϭ 4.3; and at week 16, NS3 ϭ 4.1). ELISpot analysis of peripheral blood T-cell responses showed an increase in frequency of IFN-␥ producing cells at weeks 6, 12, and 14 postinoculation, with various HCV antigens for stimulation (Fig. 3C) . However, there was no correlation between these increases and viral clearance, which occurred at week 13. Because the Patr haplotype information was not available for this chimpanzee, the ELISpot analysis for CD8 ϩ response was not performed. Inoculation and infection course of chimpanzees X0142 and X0234. Chimpanzee X0142 was inoculated intrahepatically with RNA transcripts from HCV-CG1b as described previously (28) . Chimpanzee X0234 was inoculated intravenously with the week 2 postinoculation serum from X0142. The courses of infection for both chimpanzees have been reported (28) . Both animals developed persistent infection during 26 months (X0142) and 17 months (X0234) of follow-up. Anti-HCV antibodies were detected in X0142 from week 24 and in X0234 from week 31, but the titers were less than 1:100 throughout the course of follow-up.
Chimpanzees X0142 and X0234 were persistently infected with HCV-CG1b, and both developed only a weak, transient T helper response as described previously (28) . To characterize the type of T-cell response (Th1 versus Th2), cell culture medium from the T helper proliferation assay was analyzed for IFN-␥ and IL-4 levels. IFN-␥ was produced in the range of 500 to 4,000 pg/ml, whereas IL-4 was not detected in these samples. (Table 1) (17, 25) to analyze CD8
ϩ -T-cell responses. In X0142 (Fig. 4) , a significant number of spots was noted with PBMC isolated at week 36 (Fig. 4B) , a finding corresponding to the increase in SI for various antigens in the T helper proliferation assay (Fig. 4A ). CD8 ϩ responses were observed with the peptide panel at weeks 36, 60, and 70 to 75, with the highest activities against some of the peptides at week 36, which corresponded to the positive CD4 ϩ responses (Fig. 4C) . Similarly, in X0234 the IFN-␥ ELISpot assay with various HCV antigens for stimulation was positive at weeks 5, 7, and 11 ( Fig. 5B) , coinciding with the time that the T helper proliferation assay was weakly positive (Fig. 5A) . The assay was also positive at weeks 5 and 7 by using the CD8 specific peptide panel (Fig. 5C ). Sequence analysis of serum HCV RNA from both X0142 and X0234, reported previously (28), revealed two mutations arising de novo within these peptide sequences in the HCV RNAs derived from X0142 from weeks 60 and 78 postinoculation. One of these was a D1447N substitution, potentially affecting the NS3-1444 peptide binding; the other was V1635I, potentially affecting NS3-1635. The ELISpot assays with the NS-1444 peptide were persistently negative during the course of infection, whereas the assays with the NS-1635 peptide were positive at week 36 and then at weeks 70 and 75.
Comparison of intrahepatic IFN-␣, IFN-␥, and IL-4 RNA levels in chimpanzees. As an indirect measure of intrahepatic cellular immune response, IFN-␣, IFN-␥, and IL-4 RNA quantities were determined in liver biopsies from the four chimpanzees in the present study. Total RNA was extracted from liver biopsies and IFN-␣, IFN-␥, and IL-4 RNA was measured by the TaqMan assay and normalized among samples by using the GAPDH mRNA values. Intrahepatic cytokine levels are reported relative to a prechallenge sample. In chimpanzee X0132, an increase in IFN-␣ level to 9.0 was noted after the inoculation with HCV-p90/H8 RNA, and an increase to 10.3 occurred after inoculation with HCV-CG1b virus. There was no increase in IFN-␥ levels in biopsies taken after the fourth inoculation with HCV-p90/H8 RNA ( Fig. 2A) , but the relative level increased to 11.9 during the viremia caused by the challenge inoculation with HCV-CG1b virus. In chimpanzee X0190, biopsies taken at weeks 4, 7, and 13 postinoculation showed a mild increase to 4.8 in intrahepatic IFN-␥ at week 10 only (Fig. 3A) . In both X0142 and X0234 there was a transient increase in relative intrahepatic IFN-␣ levels (to 23.8 at week 8 for X0142 and to 12.9 at week 6 for X0234) and IFN-␥ mRNA levels ( Fig. 4A and 5A) . Table 1 ; bars are ordered from left to right according to genome location. SFU, spot-forming units. The number of spot-forming units for each antigen or peptide is shown after subtraction of the number of spots in the absence of antigen or peptide. A finding of more than 10 SFU (dotted line) was considered positive. X0234 was 6.9 at week 12 postinoculation. Hepatic IL-4 levels were mostly undetectable or unchanged in all chimpanzees except X0142, which showed an increase to 12.7 at week 18, coincidental with elevation of IFN-␥.
DISCUSSION
This report described comparative studies of chimpanzees inoculated with a homogeneous infectious HCV of genotype 1b. We showed that the outcome of infection varied with respect to viral persistence, and this might be a consequence of an as-yet-undetermined host response.
In prior studies, two of the chimpanzees (X0142 and X0234) developed persistent HCV infection after inoculation with an infectious genotype 1b clone (28) . In this study, four separate inoculations of chimpanzee X0132 with similar HCV RNA transcripts resulted in only weak and transient HCV infections (Fig. 2) . There was no evidence of an increase in IFN-␥-producing PBMC or intrahepatic IFN-␥ or IL-4 mRNA levels, suggesting that there was little or no induction of HCV-specific CTLs. These data suggested that X0132 was somehow able to overcome HCV infection despite mounting only a weak immune response. Subsequently, X0132 was challenged with diluted serum from X0142 but did not develop a detectable viremia (Fig. 2) . This dilution had been sufficient to cause chronic infection in a different chimpanzee, X0234 (28) . Further inoculation of X0132 with 10 times more virus caused viremia with titers reaching 2 ϫ 10 5 genomes/ml and an antibody response that was detected 4 weeks after inoculation. In the experiments with X0142 and X0234 (28) and in other reports of HCV infection of chimpanzees, an antibody response was generally not detected until at least 3 to 4 months after inoculation. The relatively early appearance of anti-HCV antibodies suggests that the prior four RNA transfections, while not causing typical viremia or detectable seroconversion, were sufficient to prime the immune system. X0132 subsequently cleared the viremia to levels undetectable by RT-PCR. There was evidence of CD8 immune response prior to viral clearance, including an increase in IFN-␥-producing cells infiltrating the liver. These data suggest that HCV-specific CD8 cells might have contributed to viral clearance during this rechallenge. However, it is not completely surprising that the chimpanzee, after repeated challenge with various HCV RNAs and then infectious HCV serum, developed a detectable CD8 response.
Like X0132, Chimpanzee X0190 also cleared HCV infection in the absence of a strong T helper response (Fig. 3) . Indeed, there was no evidence of increased peripheral IFN-␥-producing cells and only a mild increase in intrahepatic IFN-␥ levels during the viremia. In light of such a weak CD4 response, it is unlikely that a vigorous CD8 response exists, although this possibility cannot be excluded.
Analysis of the HCV-specific immune responses of chimpanzees X0142 and X0234, both of which developed persistent viremia, did not reveal any major difference with the two chimpanzees that cleared infection. Both animals X0142 and X0234 had a weak and transient T helper cell response, and both showed mild increases in peripheral, IFN-␥-producing CD4 ϩ and CD8 ϩ cells (Fig. 4 and 5) . Interestingly, X0142 showed higher intrahepatic IFN-␣ and IFN-␥ mRNA levels than any of the other chimpanzees, even though there was no reduction in viral load or ALT elevation during follow-up. Furthermore, previous analysis of HCV RNA derived from X0142 and X0234 at various time points postinoculation revealed several mutations (28) , but only two of them identified in HCV RNA from X0142 occurred within known CTL epitopes. Furthermore, these two mutations occurred late during the course of infection (after 60 weeks). This is in contrast to a recent study suggesting that one of the mechanisms by which HCV persists is through the generation of CTL escape variants (8) . In that study, whether the escape phenomenon was indeed responsible for the failure of the host to clear acute HCV infection or a result of continuous immunological pressure after the persistent infection was established is not completely clear. In addition, it is not unexpected that chimpanzees with resolved hepatitis C had no discernible CTL mutations because the virus had little chance to mutate.
Although our study did not present a comprehensive analysis of all possible CTL responses, the testing of multiple epitopes that have been shown to be restricted by the Patr haplotypes of each chimpanzee failed to reveal any difference in the peripheral CD8 ϩ responses in these chimpanzees. Furthermore, we did not examine the intrahepatic T-cell response in these chimpanzees, but we reason that hepatic IFN-␥ and IL-4 levels should be indicative of any intrahepatic T-cell response, as shown in other viral hepatitis models (13) . Therefore, CTL escape is probably not a principal mechanism for viral persistence in our study. However, not until all HCV CTL epitopes are fully characterized in this system will we be able to completely define the role of CD8 ϩ T cells in this model system. Studies of acute hepatitis C in humans have suggested the importance of robust CD4 ϩ and/or CD8 ϩ responses in viral clearance (7, 20, 24, 27) , which contrasts with our observations. However, these study subjects were infected with heterogeneous viral strains which may differ with respect to disease activities, pathogenesis, and immunological responses. Furthermore, all of the studies were done on symptomatic infection, and many were based on patients who had already seroconverted to anti-HCV, which is a relatively late stage of acute infection (24) . In only one report were individuals with acute HCV infection studied at the early stage (27) . This study showed equally robust CD4 ϩ responses in two of four patients who progressed to chronic infection as in the one patient who cleared HCV infection. Previous reports in which a correlation between viral clearance and CD8 ϩ response was shown used polyclonal HCV genotype 1a inocula and studied chimpanzees with acute hepatitis (5, 8) . Moreover, only intrahepatic CD8 ϩ -T-cell lines that required long-term antigen-specific expansion were analyzed. In contrast, our study used a monotypic HCV 1b source, and the chimpanzees had asymptomatic infection without ALT elevation. Finally, it is entirely possible that the chimpanzees and humans may behave differently in response to HCV infection. It is well known that chimpanzees do not develop active chronic liver disease and respond differently to other viruses, such as human immunodeficiency virus. The chimpanzees also appear to have a higher rate of viral clearance from HCV infection than humans (2). If we can unravel the molecular and immunological basis of this difference, we may be able to use this information to target a protective response against HCV in humans for both prevention and therapy.
HCV persistence is probably a multifactorial process, arising because of an inadequate immune response of the host early in infection and being maintained by the ability of the virus to evade host responses later in infection. In humans, the quasispecies nature of the virus, and in particular the hypervariable N-terminal region of the E2 envelope protein, are thought to assist in immune evasion. However, in chimpanzees, persistence can occur without hypervariability in this region of E2 (2) . Evidently, the generation of CTL escape variants is an important mechanism of persistence but, considering the data presented here, it is unlikely to be the only mechanism. As has been postulated in humans, there are likely to be several pathways to persistence in acute HCV infection (27) . In our study, weak cellular responses were observed regardless of the infection outcome and, overall, we could not find a correlation between viral clearance and T-cell response. It is interesting to reason that components of innate immunity, such as NKT or NK cells, might play a principal role in viral clearance in these chimpanzees. There is compelling evidence that these immune mechanisms are crucial in controlling viral infection, especially during the acute phase of infection (4, 12, 21) . Further experiments are needed to identify the precise mechanisms that determine the outcome of infection in this system.
